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Abstract This paper proposes a multistage method for burst leak localization through valve operations
(VOs) and smart demand metering in district meter areas (DMAs) of water distribution systems (WDSs).
Each stage includes partitioning of the DMA into two subregions using VOs and identification of
potentially leaking pipes within the subregions through water balance analysis based on smart demand
meters. Such a process is performed repeatedly (multiple stages) to narrow down the spatial range for
pinpointing leak locations. To improve efficiency, a bisection optimization problem is formulated to
localize the minimum leak areas using the lowest number of VOs, which is solved by a graph theory‐based
method. The utility of the proposed method is demonstrated using two DMAs (DMA1 and DMA2) of a
real WDS with different topological properties. Results show that the proposed method can efficiently
localize artificial burst leaks in DMA1 within 7–15% of the total pipe length, implying that the proposed
method is theoretically effective in localizing pipe burst leaks. The real application to DMA2 has identified
two leak regions with 2.3 and 4.2 km of pipe length (around 3–6% of the entire DMA2) using 18 VOs.
These two burst leaks have been subsequently confirmed and pinpointed using listening rods by
practitioners of the local water utility. These results indicate that the proposed multistage method is
effective and efficient for burst leak localization, which can be promising for wide practical applications due
to rapid developments of smart WDSs (e.g., smart demand meters or control valves).

1. Introduction

Water is a scarce and critical resource to humankind for supporting population growth, economic develop-
ment, and urbanization expansion. The Organization for Economic Cooperation and Development (OECD)
has reported that the global water demand is expected to increase by 55% by 2050, resulting in that 40% of the
global population can be under severe water stress (OECD, 2012). However, a substantial portion of clean or
drinking water has been continuously lost from the water distribution systems (WDSs) nowadays.
Specifically, according to the World Bank, worldwide water utilities lost nearly 48 billion m3 of the treated
water annually from the distribution networks, leading to about $14 billion of financial loss per year
(Mutikanga et al., 2013). Therefore, it is of great importance to manage water losses of WDSs, not only for
financial savings of the water utilities but also for mitigating the water crisis around the world.

Leakage is one of the main causes of water loss in WDSs, with the leak volumes varying widely across
different systems, regions, and countries (Puust et al., 2010). For instance, water loss due to leakage
can be as low as 3–7% of the total supplied water in some well‐maintained systems, such as the
Netherlands; yet it can be also as high as 50% or more in some developing countries such as many
cities/towns in India and China (China Urban Water Association, 2015). In addition, leaks do not just
cause waste of natural resources but also increase unnecessary energy cost and even induce potential
health threats (e.g., contaminant or pathogen intrusion from leaks under low‐pressure conditions,
Besner et al., 2011). Consequently, leak localization has been one of the prioritized and critical tasks
for water utilities to improve the operation and management of WDSs. To address this problem,
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intensive studies have been undertaken over the past few decades, and hence a wide spectrum of methods
and techniques have been developed to localize leaks in WDSs (Gupta & Kulat, 2018).

Real water losses in WDSs are typically classified as background and burst leaks (Puust et al., 2010).
Background leaks are distributed, often relatively small, and cannot be detected; therefore, the leak localiza-
tion methods developed so far mainly focused on burst leaks. These methods can be overall classified into
two categories: equipment‐based and model‐based approaches (Qi et al., 2018). The equipment‐based
approaches are progressively developed from the traditional listening rods since the mid‐1980s to the newly
emerged equipment such as leak noise loggers, tethered systems, ground penetrating radars, and infrared
thermography in recent years (Gupta & Kulat, 2018; Mutikanga et al., 2013). These equipment‐based tech-
niques have greatly improved the effectiveness of leak localization in WDSs. However, their practical appli-
cations are still challenged mainly due to the low efficiency (e.g., labor‐intensive), high cost, and the need of
great professional knowledge/experience within their implementations (Farah & Shahrour, 2017). As a
result, the equipment‐based approaches are often used to identify the leaks within a small local region of
the WDSs (Rajeswaran et al., 2018).

The model‐based approaches for leak localization are generally performed with the aid of WDS hydraulic
models as well as the data analysis methods or optimization techniques (Zheng et al., 2016, 2017). These
approaches can be further categorized into transient‐based methods, optimization‐based methods, and
data‐driven methods. The transient‐based methods often analyze the transients induced by leaks using sig-
nal process techniques (e.g., Colombo et al., 2009; Wang et al., 2020); the optimization‐based methods typi-
cally define the leak detection as a demand calibration problem (e.g., Sanz et al., 2015; Sophocleous
et al., 2019; Zhang et al., 2016); the data‐driven methods analyze the data from monitoring sites (e.g., pres-
sure sensors and flow meters) to identify leaks (e.g., Romano et al., 2014; Zhou et al., 2019). While the
model‐based approaches are efficient and cost‐effective in identifying leaks (Duan et al., 2011), they often
exhibit equifinality and low‐reliability issues in practical applications, especially for highly looped and com-
plex networks (Sophocleous et al., 2019).

Over the past few decades, there has been a move toward the use of district meter areas (DMAs) to improve
the efficiency of the leakage management of the complex WDS (Mutikanga et al., 2013). Such leak manage-
ment is typically carried out by analyzing the monitored flows at inlets and outlets of the DMA during the
nighttime (night flow analysis, Covas et al., 2006). While this DMA‐based approach can be effective in deter-
mining whether leaks exist in a DMA (regional localization), it is still difficult to identify the exact localiza-
tion of leaks within the DMA due to that many DMAs can be spatially large, especially in big cities. For
example, DMAs can consist of 1,000–2,000 properties in the United Kingdom and even larger users in some
cities of China (Qi et al., 2018).

To address the potential challenges associated with the existing leak localization methods as mentioned
above, the present paper proposes a new multistage method for leak localization within the DMA with the
aid of active valve operations (VOs) and smart demand metering. The proposed method is made possible
due to that many water utilities have increasingly utilized smart and intelligent techniques in their WDSs
(referred as smart WDSs), such as smart demand meters, remote control valves, and advanced informatics
(Creaco et al., 2019; Nguyen et al., 2018). Such smart facilities provide opportunities for the development
of innovative techniques to enable enhanced WDS operations and management (Farah & Shahrour, 2017).
For instance, smart demand meters have been increasingly used by many water utilities to provide near‐
real‐time demand data at end users, thus offering opportunities for accurate hydraulic modeling of the
WDS (Creaco et al., 2016; Nguyen et al., 2018) and efficient leakage management (Bragalli et al., 2019;
Nguyen et al., 2018). To the best of our knowledge, the present study is the first work that the smart demand
meters within the WDS combined with the VOs are employed to efficiently and effectively localize the leak
regions of a DMA.

Within the proposedmethod, a multistage bisection optimization approach is developed to locate burst leaks
within the DMA, where VOs and water balance analysis (WBA) based on smart demand meters are itera-
tively performed to gradually narrow down the spatial regions associated with leaks. The proposed method
requires a hydraulic model to evaluate the hydraulics status of the DMA after VOs. To improve the efficiency
of the method, a graph theory‐based approach is developed to identify optimal VO strategies that can enable
the partitioning of the DMA in an efficient manner. The main contributions/novelties of the present work
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include (i) the proposed method can be significantly more efficient than the traditional equipment‐based
approaches in leak localization, and (ii) the proposed method can identify the leak region more reliable
with a significantly finer spatial resolution than traditional model‐based approaches. The details of the
proposed multistage method are presented below, and two DMAs in a real WDS are used to demonstrate
its feasibility and application procedures.

2. Methodology
2.1. Overview

The proposedmethod utilizes a strategy of two operations in sequence—the VOs and theWBA, conducted in
a multistage manner, to localize the leaking pipes/regions in the DMA. More specifically, assuming that
initially all pipes in a DMA are the potentially leaking pipes (PLPs), the method uses VOs (i.e., closing valves)
to partition the DMA into two subregions. This is followed by conducting the WBA to identify whether the
PLPs within the two subregions have leaks. This VO + WBA strategy is repeated stage by stage to narrow
down the search for the spatial regions that have PLPs. This strategy is carried out until no further VOs
are available for the identification, and the finally identified region represents the minimum spatial area
associated with leaks in the DMA.

Following the above rationale, the proposed methodology can be divided into two phases, which are Phase 1
and Phase 2 as shown in Figure 1. Phase 1 identifies potential VO strategies that can partition the DMA into
two subregions, which is carried out only once in the proposed methodology. Phase 2 is designed to enable
leak localization using a multistage manner, that is, it is carried out repeatedly to identify leaks. In Phase 1, a
graph theory‐based approach is employed to identify VO strategies for DMA partitioning, involving the
transformation of the original DMA graph to a segment‐valve graph, and the identification of cut sets of
the segment‐valve graph as the VO strategies.

In Phase 2 (Figure 1), the leaks are localized using the following multistage procedures. Considering a parti-
cular stage k, the optimal VO strategy is firstly determined to partition the DMA into two subregions. This is
attained by formulating the DMA partitioning as a bisection optimization problem that the PLPs in the DMA
is bisected (by length) into two PLP subsets within two subregions using the minimum number of VOs. The
rationale behind the selection of the bisection approach is that it is statistically efficient in identifying leaking
pipes conditioned on the fact that no prior knowledge of the leak locations is available, which is typically the

Figure 1. Overview of the methodology framework.
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case in engineering practice (Ferrari et al., 2014). Then the optimal VO strategy is selected from the VO stra-
tegies identified in Phase 1 (i.e., Phase 1 has approximately enumerated all potential VO strategies) based
on the defined bisection optimization problem. Subsequently, the selected optimal VO strategy is imple-
mented to partition the DMA into two subregions as well as assign the PLPs into two subsets. This is
followed by conducting WBAs for the two subregions to identify the leaking PLP subset(s) as well as to eval-
uate the estimated leak flowrate(s) (ELFs). Based on the WBA results, the PLPs are updated by removing
pipes with no leaks, thereby reducing the leak region of the DMA. The leak localization procedure moves
to the next stage (i.e., k = k + 1), and these procedures are repeated in a multistage manner until no VOs are
available.

It is possible that at a particular stage the WBA can identify that both the two subregions contain leaks,
implying the existence of multiple leaks in the DMA. For such a case, the proposed method concentrates
on the identification of the PLP subset with a larger ELF (i.e., localizing the leak with a larger flowrate)
and puts aside the other PLP subset as candidate PLPs (referred to as CPLPs) temporarily. When the PLP
subset with a larger ELF has been finally identified, the proposed method is further implemented to localize
other leaks by setting the CPLPs as PLPs until all leaks in the DMAhave been identified (the details are given
in sections 2.3.3 and 2.4).

It should be acknowledged that VOs may disturb or even interrupt the (part of) water supply in the analyzed
DMA, hence the proposed method is typically implemented during the minimum night flow (MNF) period
(e.g., between 02:00 and 05:00, Mutikanga et al., 2013). This is practically feasible as the domestic demands
during this period are generally negligible, and hence the interruption of water supply for domestic users
within a short time period is considered acceptable. However, the demands at commercial nodes or large
users can still be guaranteed during the application of the proposed method by adding pressure constraints
at these nodes.

To enable effective leak localizations using the proposed method, the WBAs at each stage should be con-
ducted in (near) real time. This requires the use of smart demand meters for all users in the DMA providing
online meter information, at least at the same time resolution as the flowmeters at inlets/outlets of the DMA
(e.g., every 5 min). Such a large number of smart meters may not be available for most WDSs, but accurately
measuring the user demands at a high temporal resolution is an important future trend (Bragalli et al., 2019).
Actually, due to the rapid development of the Internet of Things technology in recent years, increasing
installation of smart demand meters has been observed in WDSs around the world (Zheng et al., 2018).
These real‐time demand data have already been used for various engineering purposes, such as user demand
pulse analysis and real‐time leak analysis (Bragalli et al., 2019; Creaco et al., 2016). This is especially the case
in China as reducing the leakage rate below 10% by 2020 is the objective explicitly requested by the central
government. This has become an official target for all water utilities, as stated in the “Action Plan for
Prevention and Control of Water Pollution” issued in 2015, thereby motivating the wide use of smart
demand meters in water utilities. Therefore, it is anticipated that the proposed method can be practically
promising in the near future. The details of the proposed methodology (Phases 1 and 2) are given below.

2.2. Phase 1: Identify VO Strategies to Partition the DMA Into Two Subregions

Consider the DMA as a connected graph G(V, E), where the nodes and links represent vertices (V) and
edges (E), respectively. The valves in the DMA can be considered as vertices or edges or in the graph depend-
ing on how they are formed in the network models. For instance, the valves are taken as links in the
EPANET2.0 that has been widely used for WDS modeling (Rossman, 2000), thus they can be considered
as edges in the graph. A VO strategy that partitions the DMA into two subregions can be regarded as a
cut set of the graph in which the cut edges/vertices correspond to the closed valves. Therefore, only the
edges/vertices corresponding to valves, rather than other types of edges/vertices, are considered to enable
DMA partitioning in the proposed method. To attain this goal, the proposed method transforms the original
DMA graph to a segment‐valve graph in which only the valves are considered as edges, with details given in
the section below. As a result, the cut sets of the segment‐valve graph can be identified as the VO strategies
for DMA partitioning.
2.2.1. Transformation of the Original DMA Graph to a Segment‐Valve Graph
The concept of a segment is usually used to represent the minimum region of a WDS that can be isolated by
closing valves (Walski, 1993). While there are many algorithms available to identify segments in WDSs
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(Giustolisi & Savic, 2010), a graph theory‐based approach is used in the proposed method due to its
simplicity. The original DMA graph is transformed into a segment‐valve graph in three steps, which are
(i) the removal of all the valve edges in the original DMA graph G(V, E) in order to generate a new graph
Gnew (Vnew, Enew), (ii) the identification of all connected components of the graph Gnew (Vnew, Enew) using
the depth‐first search method, where each connected component corresponds to a segment of the DMA,
and (iii) the formation of the segment‐valve graph Gs (Vs, Es) by taking the identified segments as vertices
(Vs) and the connected valves as edges (Es). For clarification, an illustrative example is presented in
Figure 2. As shown in the figure, the original graph of the hypothetical DMA with five valves (Figure 2a)
is transformed into a segment‐valve graph Gs = (Vs, Es), where Vs = {S1, S2, S3, S4, S5} in Figure 2c is the
set of vertices and Es = {V1, V2, V3, V4, V5} in Figure 2d is the set of edges.
2.2.2. Identification of Cut Sets of the Segment‐Valve Graph
As only valves are considered as edges in the segment‐valve graph (Figure 2), the edges of a cut set represent
the corresponding valves that divide the DMA into two subregions when they are closed. Therefore, it can be
deduced that different cut sets of the segment‐valve graph represent different VO strategies (closed valves)
for DMA partitioning. In other words, at each stage, these cut sets can be considered as the possible solutions
to the bisection optimization problem as illustrated in Figure 1. Motivated by this, an approach is proposed
to enumerate all cut sets of the segment‐valve graph as feasible VO strategies for DMA partitioning.

However, based on the graph theory, there are theoretically 2 Vsj j−1
− 1 cut sets for the segment‐valve graph

Gs (Vs, Es) (Karger, 1993). Therefore, it can be computationally expensive, or even intractable, to find all the
cut sets for large graphs (i.e., DMAs with a large number of valves). For example, for an undirected graph
with 30 vertices, there are about 537 million cut sets, and the computational efforts for identifying such a
massive number of cut sets can significantly go beyond the time budgets that are typically available. To
address this challenge, the proposed method adopts Karger's (Karger, 1993) algorithm to identify a sufficient
number of VO strategies for DMA partitioning, which are accordingly used to enable the identification of
near‐optimal VO strategies for the bisection optimization problem. The pseudocode of Karger's algorithm
used for the cut set identifications is given in Figure 3. These identified VOs strategies (i.e., cut sets) will
be used as potential solutions for the bisection optimization problem described in Phase 2 as shown below.

2.3. Phase 2: Multistage Procedure for Leak Localization
2.3.1. Bisection Optimization for DMA Partitioning
In Phase 2, the VO +WBA strategy is repeated to update the PLPs by removing nonleaking pipes (NLPs) to
gradually reduce the leak region in the DMA. Specifically, at each stage of the proposed method, the optimal

Figure 2. Illustration for the transformation of the original DMA graph to a segment‐valve graph.
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VO strategy used to partition the DMA into two stages is determined by solving the bisection optimization
problem as follows:

Minimize: Fk ¼ w
∑N

n¼1 vkn − vk − 1
n

�� ��

N
þ 1 − wð Þ

∑M
m¼1;m ∈ PLPk1

Lm −∑M
m¼1;m ∈ PLPk2

Lm
���

���

∑M
m¼1Lm

(1)

Subject to

Valve operations: Vk ∈ 0; 1f gN (2)

DMApartitioning: G − G1 Vk∪G2 Vk
� �� �

(3)

Assigning PLPsintotwo subsets: PLPk ¼ PLPk
1∪PLP

k
2 (4)

Assigning CPLPstoa sub‐region:CPLP ⊆ G1 Vk
� �

or CPLP ⊆ G2 Vk
� �

(5)

Pressureconstraintsat uninterruptible users:Hu Vk
� �

≥ hmin
u (6)

where the superscript k represents the kth stage of the multistage procedure and Fk is the objective func-

tion value; vkn ∈ 0; 1f g indicates the status of each valve at the kth stage with v = 0 and 1 representing a
closed or open valve, respectively; n = 1, 2, …, N is the nth valve and N is the total number of valves that

can be operated in the DMA; Vk ¼ vk1;…; v
k
n

� �
is the set of valve status at the kth stage; Lm is the length of

pipe m and M is the total number of pipes in the DMA. G1(V
k) and G2(V

k) in Equation 3 represents the
partitioned subgraphs (i.e., subregions in the DMA) from the original graph G by the VOs Vk. PLP and
CPLP, respectively represent the set of PLPs and CPLPs as previously defined. Equation 4 indicates the

result of DMA partitioning is that the PLPs (PLPk) are assigned into two subsets PLPk
1 ⊆ G1 Vk

� �
and

PLPk
2 ⊆ G2 Vk

� �
, respectively.

The first term on the right side of Equation 1 (i.e., ∑N
n¼1 vkn − vk − 1

n

�� �� ) indicates the number of

VOs at the kth stage relative to its previous stage. The second term on the right side of Equation 1

(i.e., ∑M
m¼1;m ∈ PLPk1

Lm −∑M
m¼1;m ∈ PLPk2

Lm
���

���) indicates the length difference between the PLPs in the two

subsets partitioned by the VOs at the kth stage. The two terms are normalized on the range of 0–1 by dividing

the total number of valves (N) and the total length of pipes (∑M
m¼1Lm ), respectively. Consequently, the

Figure 3. Cut set identifications for the segment‐valve graph.
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minimization of Equation 1 can be physically interpreted as using theminimumnumber of VOs to assign the
PLPs into two subsets with theminimum difference in the total length of pipes at each stage, thus achieving a
statistically efficient leak localization as previously stated. The w in Equation 1 is the weight, indicating the
relative importance of the two terms. In this study, w = 0.5 is used, representing equal importance for both
terms in Equation 1, but the impacts of different w values on the optimization results are investigated later
in the case studies.

As previously described, the CPLPs are a set of pipes temporarily removed from the PLP set in the DMA
when both PLP subsets have leaks identified by the WBA. Equation 5 defines a constraint that ensures that
all pipes in the CPLPs should be always in a single subregion. In other words, these pipes are not allowed to
be separated before they are reset as PLPs for leak identification. This is because the ELF associated with the
CPLPs have to be used for WBA analysis within the proposed method. The details of the CPLPs are given in
section 2.3.3.

Equation 6 represents the pressure constraints for the users that require continuous water supplies even dur-
ing the night flow period (i.e., sensitive or critical users) in the WDS. Therefore, the pressures at these users

(Hu(V
k)) should be no lower than minimum allowable values (hmin

u ) after the VOs (Vk). To obtain the values
ofHu(V

k), the EPANET2.0 software (Rossman, 2000) is used in this study, where the simulations are carried
out within the entire operation duration with a relatively high time resolution (e.g., every 5 min). The iden-
tified VO strategies in Phase 1 are repeatedly evaluated using the objective function in Equation 1 and the
constraints in Equations 2–6, in order to identify the VO strategy with the lowest objective function value
and the constraints satisfied at each stage.
2.3.2. WBA for Subregions
At each stage of Phase 2, the optimal VO strategies determined from Equations 1–6 are implemented to par-
tition the DMA into two subregions (i.e., G = G1 ∪ G2) as well as dividing the entire PLP set into two subsets
(i.e., PLP = PLP1 ∪ PLP2). This is followed by the use of the WBA to identify which subset(s) (i.e., PLP1

or/and PLP2) has/have leaks, thereby updating the PLP by removing the pipes with no leaks. Generally,
the WBA is conducted to estimate the nonrevenue water (NRW) for a given region (e.g., a DMA) based on
the records of inflows, outflows, volumes changes in the storage tanks if available, as well as the measured
water demands of the analyzed region (Mutikanga et al., 2013). Intuitively, a region is likely to have leaks if
the estimated NRW value during the MNF period is high, if say, exceeding a predetermined threshold based
on the MNF analysis (Covas et al., 2006).

Two assumptions are made in the WBA conducted in the proposed method. These are (i) the NRW is domi-
nated by pipe burst leaks (i.e., the leaks considered in this paper), instead of background leaks or meter
inaccuracies as leaking rates caused by the latter two are typically much lower (Covas et al., 2006), and
(ii) pressure fluctuations resulting from VOs during the MNF period are insignificant in affecting the leak
flowrates (Wright et al., 2015). Based on these two reasonable assumptions, the NRW obtained from the
WBA can be approximately considered as the ELF, that is, ELF ≈ NRW. Accordingly, ELF(G), ELF(G1),
ELF(G2), ELF (PLP1), ELF (PLP2) and ELF (CPLP) are defined as the ELFs of the entire DMA, the subre-
gionG1, the subregionG2, the subset PLP1, the subset PLP2 and the setCPLP, respectively. These values are
obtained from the NRW analysis by applying the WBAs to the DMA and the subregions. In this study, a
threshold value ELFtol is also defined to identify the existence of burst leaks in the presence of

Figure 4. Illustration of different cases for DMA partitioning including (a) both subregions have inflows and (b) one
subregion has inflows and the other does not.
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background leaks and meter inaccuracies. More specifically, if ELF (PLPi) > ELFtol (i ∈ {1, 2}), it indicates
that the PLPs in PLPi have leaks and vice versa. Note that the defined ELFtol in the proposed method is
similar to the threshold for MNF analysis in DMAs that accounts for background leaks and meter
inaccuracies (Alkasseh et al., 2013; Farah & Shahrour, 2017).

The aim of the WBA is to estimate the ELFs of the two PLP subsets, that is, to identify whether leaks exist in
the subsets. To achieve this, the following steps are implemented:

i. Estimate the ELF(G) using the WBA applied to the entire DMA before the leak localization.
ii. Evaluate ELF(G1) and ELF(G2). When evaluating ELF(G1) or ELF(G2), two different cases (see Figure 4)

may exist, which are (a) both subregions have inflows, that is, both subregions contain at least one inlet
of the DMA as shown in Figure 4a, and (b) one subregion has inflows and the other one does not have
inflows (i.e., one subregion contains all the inlets of the DMA while the other is isolated by closing
valves, as shown in Figure 4b). In Case (a), the WBAs are applied to two subregions to determine the
ELFs, that is, ELF(G1) and ELF(G2) in Figure 4a. In Case (b), theWBA is applied to the subregion having
inflows to compute the ELF (e.g., ELF(G1) in Figure 4b). The ELF of the other subregion (e.g., ELF(G2)
in Figure 4b) is estimated as the difference between the original ELF of the entire DMA and the ELF of
the subregion having inflows;

iii. Estimate the ELF (PLP1) and ELF (PLP2). This is carried out by using the estimated ELF(G1) and
ELF(G2) and two possible cases exist. These are (a) if the analyzed subregion has no CPLPs (e.g., the sub-
region G1 in Figure 4b), then ELF (PLPi) = ELF(Gi), i ∈ {1,2}; and (b) if the analyzed subregion has
CPLPs (e.g., the subregion G2 in Figure 4b), the ELF of the PLP subset in that subregion can be calcu-
lated as ELF (PLPi) = ELF(Gi)—ELF (CPLP), i ∈ {1, 2}. The pseudocode for the above procedures is
given in Figure 5.

2.3.3. The Update for PLPs
By conducting the WBAs at each stage, ELF (PLP1) and ELF (PLP2) for the two PLP subsets are obtained to
identify whether they have leaks, thereby reducing the size of the set of PLPs by removing NLPs. As

Figure 5. Evaluation of ELF (PLP1), ELF (PLP2).
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previously stated, two different cases may exist within the WBA: (a) only one PLP subset in a subregion is
identified to have leaks, and (b) both PLP subsets in the two subregions are identified to have leaks,
implying the existence of multiple leaks in the DMA. For case (a), the PLP subset having leaks are moved
to the next stage for further partitioning, and the other PLP subset with no leaks are removed as so to
reduce the spatial region of the leaking pipes. For case (b), the proposed method selects the PLP subset
with a larger ELF for further identification and considers the PLP subset with lower ELP as CPLPs. These
pipes are added to the set CPLP temporarily, and the ELF (CPLP) is accordingly updated, with details
represented by the pseudocode in Figure 6.

2.4. Overall Procedures of the Proposed Multistage Method

The steps of the proposedmultistagemethod to localize leaks in a DMA are shown in Figure 7, with details of
each step given below.

Step 1: Initialize the method for leak localization including the consideration of all pipes in the DMA as
PLPs (i.e., the setPLP), the setNLP=Φ, the setCPLP=Φ and the prespecification of the threshold
value ELFtol.

Step 2: Identify a sufficient number of VO strategies using the method described in section 2.2.
Step 3: Determine the optimal VO strategy to partition the DMA into two subregions by solving the bisec-

tion optimization problem (Equations 1–6 in section 2.3.1).
Step 4: Implement the optimal VO strategy to partition the DMA into two subregions as well as assigning

the PLPs into two subsets (i.e., G = G1 ∪ G2 and PLP = PLP1 ∪ PLP2).
Step 5: Conduct WBAs for the two PLP subsets to estimate their ELFs (i.e., ELF (PLP1) and ELF (PLP2)),

with details given in section 2.3.2.
Step 6: Update the set PLP (removing the NLPs determined in Step 5) as well as the set NLP and CPLP

following the method described in section 2.3.3.
Step 7: If there are more VOs available to further partition the set of PLPs into subsets, move to Step 3,

otherwise the pipes in the set PLP are identified as the final leaking pipes in the DMA and the pro-
posed method moves to Step 8;

Step 8: If there are CPLPs in the DMA (i.e., CPLP ≠ Φ), update the PLP using CPLP, and the method
moves to Step 3, otherwise, all leaks in the DMA are identified and the proposed multistage proce-
dure is terminated.

It is noted that the proposed method cannot handle the case where multiple leaks with estimated total leak
flow are greater than ELFtol but each one of these leaks has estimated flow smaller than ELFtol. This case
indicates that there are many tiny leaks in the WDS, which cannot be detected using the WBA as proposed
in this paper.

Figure 6. Update for the PLPs.
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It should be highlighted that if the WBAs at Step 5 identifies that both PLP subsets have leaks (i.e., Case b in
Figure 7), the proposed method is implemented to localize the leaks in the subset with a larger value of the
estimated leak flow (ELF). When these identified leaking pipes have been handled (e.g., isolated or
repaired), the other subset with a smaller ELF (i.e., the pipes in the CPLP set) would be reconsidered by
executing the proposed method again.

3. Case Studies
3.1. Description of Two Cases

Two DMAs (DMA1 and DMA2) from a real WDS in China as shown in Figure 8 are used to demonstrate the
utility of the proposed multistage leak localization method. The entire WDS serves a population of about 1.2
million with the maximum daily water demand of 0.47 million m3. The two selected DMAs are of different

Figure 7. Overall procedures of the proposed multistage method for leak localization.
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complexities and scales. According to the hydraulic model of the entire WDS provided by the local water
utility, DMA1 is highly looped, consisting of 171 pipes (58.7 km in length), 208 nodes and 51 available
valves. DMA2 consists of 113 pipes (70.8 km in length), 140 nodes and 32 available valves as listed in the
table in Figure 8. DMA1 has two inlets and an outlet, serving predominantly residential consumers with
about 38,000 connections and a large uninterruptible user (requires continuous water supply averaging
51.2 m3/h). DMA2 is located at the boundary of the city by providing water through two inlets and serves
residential users with about 26,700 connections. Flows entering the two DMAs at inlets and outlets are
measured and collected online (every 5 min) by the local water utility. Based on the collected data, the
water consumptions vary between about 270–1,200 and 180–800 m3/h for DMA1 and DMA2, respectively.

Smart demand meters have been intensively deployed in these two DMAs over the past few years. This is
partly driven by the government pressure to reduce the leakage to 10% of the total water consumptions by
the end of 2020 as previously mentioned, as well as because of the rapid development of smart metering tech-
nologies (e.g., cheaper meters and powerful data transmission internet, Zheng et al., 2018). For DMA1, a
total of 11,600 smart meters have been installed, and the demands at the nodes without data from smart
meters are calibrated using the measured data (e.g., flows, pressures, and known demands from smart
meters). Prior to demand calibration for nodes without data from smart meters, a temporal pattern is
assigned to these nodes based on engineering experience, thereby ensuring the calibration results to be

Figure 8. Layouts of (a) a real‐world WDS, (b) DMA1, and (c) DMA2.
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practically meaningful. Such calibration is not elaborated in this study as this WDS hydraulic model has
been already calibrated by the local water utility. Given that DMA2 is selected by the local water utility as
a pilot to enable smart leakage management, all users have been measured by smart demand meters,
leading to a total of 26,700 m. In this paper, DMA1 is used as a hypothetical case with artificial leaks to
demonstrate the implementation procedures of the proposed method for localizing single and multiple
leaks, and DMA2 is taken as a real case for the application of the proposed methodology in the field.

3.2. Identification of the Sufficient Number of VOs (Phase 1)

The identified segment‐valve graphs of the two DMAs in Phase 1 of the proposed method are given in
Figure 9, where the graph of DMA1 consists of 40 vertices (representing segments) and 51 edges (represent-
ing valves), and the graph of DMA2 has 29 vertices and 32 edges. The VO strategies were obtained through
the cut set identification method as described in Figure 3. As a result, a total of 4,963 and 410 different cut
sets (i.e., VO strategies) were identified for DMA1 and DMA2, respectively. The computation times for find-
ing these cut sets of the two segment‐valve graphs were about 35 and 9 min, respectively. These times were
obtained using a PC with a 12‐core Intel Core i9‐7980XE (2.6 GHz) CPU. As previously stated, Phase 1 of the
proposed method needs only to be carried out once before the implementation of the multistage procedure
for leak localization (Phase 2). This also means that it would not affect the efficiency of the proposed method
even for DMAs with highly complex configurations (e.g., DMA1).

3.3. Case 1: DMA1 With Artificial Leaks

As previous stated, DMA1 in Figure 8b is used as a hypothetical case to demonstrate the proposed method
for localizing leaks. The hydraulic model of DMA1 has been calibrated by the local water utility, and the cali-
brated nodal demands at different periods of the day were considered as the online data measured by smart
demandmeters, in order to demonstrate the utility of the proposed method. These nodal demands combined
with the inflows/outflow at the inlets/outlet of DMA1 are used to enable the WBA. Based on this calibrated
model, artificial leaks were directly added to some pipes of this DMA as fixed nodal demands over time,
representing the leak locations to be identified. In addition, the background leaks and measurement noise
were ignored for this hypothetical case, that is, the threshold value ELFtol= 0. As a result, the NRW obtained
from the WBA was directly taken as the ELF, with ELF > 0 indicating the existence of leaks. However, it
should be noted that the ELFtol should be carefully determined in real cases as it often represent the impacts
of background leaks and measurement noises (more discussions are given in section 4). As shown in
Figure 8b, the pressure head at the uninterruptible user located in DMA1 is required to be no lower than
15.0 m to maintain sufficient water supply during the application of the proposed method.
3.3.1. A Single Leak
The key assumption here is that the MNF of DMA1 has increased due to a single leak of 15.0 m3/h (5.6% of
the MNF). The leak was assumed to be located at a pipe of DMA1 as shown in Figure 10a, and the proposed

Figure 9. Transformed segment‐valve graphs for (a) DMA1 and (b) DMA2.
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method was used to localize the region associated with this leak following the procedure given in section 2.4.
More specifically, the VOs were simulated by the hydraulic model and the WBA was then conducted based
on the hydraulic simulations of the inflows, the outflow and the nodal demands for this assumed leak
scenario. The identified optimal VOs at each stage of the proposed method are shown in Figure 10. The
corresponding ELF results within the WBA and the update procedures at each stage are presented in
Table 1. In Table 1, G represents the entire DMA, G1 and G2 indicate the two subregions in Figure 10, and
PLP1 and PLP2 are the two subsets of PLPs corresponding to the two subregions G1 and G2, respectively.

As shown in Figure 10a, three valves were closed at Stage 1 (identified by the proposed method) to partition
the entire DMA into two subregions, as well as to assign the PLPs (i.e., all pipes in the DMA) into two sub-
sets. The length difference between these two subsets was 0.7 km, indicating the great effectiveness of the
proposed graph theory based optimization method. The subsequent WBAs at Stage 1 (see Table 1) would
identify that the PLP subset in the subregion G1 have leaks (i.e., the red lines in Figure 10a) as the hypothe-
tical leak was assumed to locate within this subregion. As a result, the spatial region of leaking pipes was
reduced from 58.7 to 29.0 km. At the following Stages 2, 3, and 4, the updated PLPs (i.e., red lines at the pre-
vious stages as shown in Figure 10) were further partitioned into subsets with similar pipe length using opti-
mal VOs identified by the proposedmethod. This led to the reduction of the leak region from 29.0 to 14.7, 6.8,

and 4.3 km at Stages 2, 3, and 4, respectively. The assumed leaking
pipe was localized at Stage 4 as nomore VOs were available to enable
a further region reduction.

In summary, a total of 16 VOs (eight different valves were operated)
were involved in the four stages of the proposed method applied to
DMA1 with an assumed single leak. This included 11 operations
for DMA partitioning, and five additional operations to open all
closed valves in order to restore the system to its original state. The
proposed method successfully narrowed down the potential leak
region from 58.7 to 4.3 km by VOs for DMA1 with a single
leak. Consequently, it can significantly improve the efficiency of

Figure 10. Valve operations (VOs) identified by the proposed method applied to DMA1 with a single leak.

Table 1
ELF Results of the Proposed Method Applied to DMA1 With a Single Leak

Stages

WBA (m3/h) Update (m3/h)

ELF(G) ELF(G1) ELF(G2)
ELF

(PLP1)
ELF

(PLP2)
ELF
(PLP)

ELF
(CPLP)

1 15 15 0 15 0 15 —

2 15 0 15 0 15 15 —

3 15 15 0 15 0 15 —

4 15 15 0 15 0 15 —
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leak localization as the equipment can be subsequently used to pinpoint the leak locations within the
identified leak region rather than the entire DMA.
3.3.2. Multiple Leaks
Three different leak locations (Figure 11a) were considered for DMA1 as a hypothetical case to further
demonstrate the utility of the proposed method in handling multiple leaks. More specifically, Leak 1 was
the same as the leak in the previous case (the single leak with 15.0 m3/h), and Leak 2 and Leak 3 were added
with fixed leak flowrates of 10.0 and 5.0 m3/h, respectively. As a result, the ELF of the DMA was 30.0 m3/h
for this hypothetical case. The proposed method was implemented to localize these artificial leaks following
the procedures given in section 2.4. The identified optimal VOs were given in Figure 11, and the correspond-
ing ELF results were presented in Table 2.

As shown in Figure 11 and Table 2, a total of 10 stages were required to identify the three leak regions in
DMA1. Stages 1–4 shown in Figures 11a–11d were performed to identify the leak region associated with
Leak 1 as it has the largest leak flow. Particularly, at Stages 2 and 3, the WBAs would identify that both

Figure 11. Valve operations (VOs) identified by the proposed method applied to DMA1 with three different leak
locations.
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PLP subsets have leaks, as shown in Table 2. Taking Stage 2 for exam-
ple, as ELF (PLP1)<ELF (PLP2), the PLP set was updated as
PLP = PLP2 for further partition (the red lines in Figure 11b). The
subset PLP1 was considered as the CPLP set as shown by the blue
lines in Figure 11b with an ELF (CPLP) = 5.0 m3/h (see Stage 2 in
Table 2).

After Stage 4, as CPLPs were available (i.e., CPLP ≠ Φ), the PLP set
was reset as PLP = CPLP for further partition, where the blue lines
in Figure 11d changed to red lines in Figure 11e. Before reexecution
of the proposed method, it was assumed that the identified Leak 1
was repaired, thus ELF(G) of the entire DMA was reduced to
15.0 m3/h, as shown in Table 2. Stages 5–8 were further executed to
localize the leak region associated with Leak 2 as illustrated in
Figures 11f–11i. The WBAs at Stage 5 would identify that both PLP
subsets have leaks and the PLPs within the subregion G1 was consid-
ered as CPLPs (blue lines in Figure 11f) as ELF (PLP1) < ELF (PLP2)
(Table 2). Finally, the proposed method (Stages 9 and 10) was imple-
mented again to the PLPs in Figure 11j, in order to identify the third
leak region that had Leak 3.

Consequently, a total of 10 stages involving 42 VOs based on 18 different valves (including six VOs for restor-
ing the system in the end) were used to localize three leaks in the DMA. The finally identified leak regions
were 4.3, 2.3, and 1.9 km, respectively, which were also significantly lower than the total length of pipes in
the DMA (i.e., 58.7 km). This result indicated that the proposed method was also, theoretically, effective and
efficient for the localization of multiple leaks.

3.4. Sensitivity Analysis
3.4.1. Influence of the Valve Density
Given that the number of available valves in a DMA can be variable, the number of different valves that can
be operated in DMA1was considered for a sensitivity analysis to investigate the performance variation of the
proposed method for leak localization. Four scenarios with different valve densities in DMA1 were consid-
ered, including the original 51 valves, with the three reduced scenarios of 40 valves, 30 valves and 20 valves,
as shown in Figure 12. For each valve scenario, assuming that a single leak existed at each of the pipes in the
DMA, leading to a total of 171 hypothetical cases (i.e., 171 pipes in DMA1), representing all possible leak
locations in the DMA. The proposed method was implemented to all these cases for leak localization and
the results for each valve scenario were summarized in Figure 13.

Figure 13 presents the statistical results of the number of VOs used for leak localization and the identified
leak region (in length) for the four‐valve scenarios in boxplot form (the crosses indicate the average
values). As shown in this figure, the proposed method was able to localize leaks to leak regions of
1.0–13.0 km (i.e., 98.3–77.9% reduction in spatial scale relative to the entire DMA) within a range of 10
to 25 VOs. This implied that the proposed method was effective for leak localization, even for the DMA with
a limited number of available valves (e.g., 20 valves in DMA1). A clear and reasonable trend was also

Table 2
ELF Results of the Proposed Method Applied to DMA1 With Three Different
Leak Locations

Stages

WBA (m3/h) Update (m3/h)

ELF(G) ELF(G1) ELF(G2)
ELF

(PLP1)
ELF

(PLP2)
ELF
(PLP)

ELF
(CPLP)

1 30 30 0 30 0 30 —

2 30 5 25 5 25 25 5
3 30 20 10 15 10 15 15
4 30 30 0 15 0 15 15
Identify a leak region (Leak 1), set PLP = CPLP 15 —

5 15 5 10 5 10 10 5
6 15 5 10 0 10 10 5
7 15 5 10 0 10 10 5
8 15 5 10 0 10 10 5
Identify another leak region (Leak 2), set PLP = CPLP 5 —

9 5 0 5 0 5 5 —

10 5 5 0 5 0 5 —

Identify the third leak region (Leak 3)

Figure 12. Scenarios of available valves for DMA1: (a) 40 valves, (b) 30 valves, and (c) 20 valves.
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observed from Figure 13 that the number of VOs for leak localization decreased and the identified leak
region increased with the reduction of available valves from 51 to 20. This revealed a trade‐off relationship
between the cost (related to the number of VOs) and the efficiency of the proposed method for leak localiza-
tion, which should be considered by practitioners in practical applications.
3.4.2. Influence of the Weight in Equation 1
As previously stated, the variation of the weight w in Equation 1 may have impacts on the optimization
results. Whilew= 0.5 was used in the proposed method, the influence of different w values was investigated.
Five different weight values (w = 0.1, 0.3, 0.5, 0.7 and 0.9) were considered to enable a sensitivity analysis.
For each weight value, all possible leak locations in DMA1 were considered to be localized using the pro-
posedmethod. This was done by assuming each of the 171 pipes in DMA1 as a hypothetical case with a single
leak at the pipe. Figure 14 presents the boxplot of the number of VOs of all leak cases for each weight value.
In this figure, the average value represents the mean of the number of VOs over all leak scenarios, with a
lower value indicating an overall higher efficiency. The range of the box in Figure 14 represents the variation
of the number of VOs across different leak scenarios, with a lower range indicating a better robustness in
efficiency. It can be observed from Figure 14 that the value of w = 0.5 represented the overall best perfor-
mance as it possessed the lowest average number of VOs over all leak scenarios, as well as rather high effi-
ciency robustness across different leak scenarios. However, it can be also deduced from Figure 14 that a
slight variation of w value (if say w = 0.3 or 0.7) would not significantly affect the results of the proposed
method.

3.5. Case 2: Real Case Study—DMA2

The proposed method was applied to the real case of DMA2 to demonstrate its utility in practical applica-
tions. Flow measurements from two inlets and smart metering demands at all users within the DMA were

available with a 5 min time resolution. According to the collected data
of the DMA throughout June 2019, the recorded minimum inflows at
night hours between 02:00 and 05:00 increased to approximately
180.0 m3/h while the corresponding demands measured by smart demand
meters were about 151.8 m3/h. Therefore, the NRW of the DMA at night
hours was 28.2 m3/h (i.e., 15.7% of the total inflow), implying that this
DMA was highly likely to have a leak(s). Since no pipe bursts were
reported to the water utility, it was deduced that leaks may be invisible
(leaks to the underground). Therefore, the proposed multistage method
was employed to localize leaks in DMA2 with the approval of the local
water utility.

The ELF for this DMA was estimated as ELF(G) = 28.2 m3/h,
where G represented the entire DMA. Meanwhile, a threshold value
ELFtol = 7.2 m3/h (i.e., 2.0 L/s) was recommended by the staff in the local
water utility based on their engineering experience (based on the histori-
cal data of flows and demands in this DMA), which approximately repre-
sented background leaks andmeter inaccuracies of DMA2. The impacts of

Figure 13. Boxplot of (a) the number of VOs for leak localization and (b) the identified leak region (in length) for the
four‐valve scenarios (the crosses indicate the average values).

Figure 14. Boxplot of the number of VOs for leak localization for different
weight values (the crosses indicate the average values).
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the use of ELFtol are further discussed in section 4. The proposed method was implemented during the night
hours of 5 July 2019 starting from 02:00 am. At each stage of the proposed multistage method, the optimal
VOs were implemented by the staff of the local water utility. To avoid inducing severe transient flows
during VOs, the valves were operated slowly over a period of 3 to 10 min. This was followed by real‐time
WBAs applied to the DMA after a period of time (e.g., 15–30 min) of the VOs, in order to obtain stable
and reliable ELF results. The results were given in Figures 15 and 16, where Figure 15 presented the VO
operations at each stage and Figure 16 outlined the processes of the WBAs for this real application of the
proposed method.

As shown in the two figures, a total of six stages of valve manipulations were used to identify ultimately two
leaks in DMA2. More specifically, the proposed method utilized five stages (i.e., Stages 1–5) to identify a leak
region (2.3 km in pipe length) as indicated in Figure 15e with red lines. At Stage 3 (Figure 15c), the WBA
indicated that ELF(G1) and ELF(G2) were on average 12.2 and 15.8 m3/h, respectively (Figure 16). Given that
ELF (PLP1) = ELF(G1) and ELF (PLP2) = ELF(G2), ELFs for both subsets were greater than ELFtol. This
implied that both the PLP subsets had leaks, that is, the case of multiple leaks. As a result, the PLP1 subset
was temporarily considered as the CPLP set (the blue lines in Figure 15c) due to ELF (PLP1) < ELF (PLP2).
Consequently, when a leak region was identified after Stage 5, CPLPs existed in the DMA with ELF
(CPLP) = 12.2 m3/h as illustrated in Figure 16. Therefore, the leak localization method should be carried
on to further identify other leaks, but this was done after the identified leaking pipes were handled.

Based on the identified leak region, several engineers from the local water utility pinpointed the leak spot
using listening rods and repaired this leak. This was followed by the application of the proposed method

Figure 15. Valve operations (VOs) and identification results at each stage for localizing real leaks in DMA2.
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again during the night hours of 7 July 2019 by setting PLP=CPLP, as shown in Figure 15f and Figure 16. As
a result, the ELF of the entire DMA became ELF(G) = ELF (CPLP) = 12.2 m3/h (Figure 16). Within this
application, only one stage with two VOs (i.e., Stage 6) was used to identify another leak region with the
pipe length of 4.2 km in the DMA (the red lines as shown in Figure 15g). Given that no CPLPs were
available in the DMA, the leak localization method was terminated, and this was followed by that
engineers were sent again to pinpoint the exact location of the leak within the identified region, as
indicated in Figure 15g.

Consequently, DMA2 with an ELF of 28.2 m3/h at night hours was identified having two leaks by the pro-
posed method, where 18 operations of 8 different valves (i.e., 15 VOs for DMA partitioning and 3 VOs for
system restoring) were involved. Two leak regions were identified with the total pipe length of 2.3 and
4.2 km. As a result, the spatial scale of the leak region was reduced by 90.8% relative to the entire DMA2
(i.e., 70.8 km). This has significantly saved the efforts used for the subsequent applications of the
equipment‐based method for pinpointing the leak locations (e.g., the use of listening rods in this case).

The flowrates of the two identified leaks were estimated to be about 15.0 and 10.0 m3/h, respectively, from
the WBA results (i.e., the ELF (PLP) at Stages 5 and 6). Therefore, the benefit of the presented method in
water savings can be approximately evaluated compared to the use of listening rods for leak localization.
More specifically, the method of listening rods has to traverse the entire DMA2 about 3 weeks as stated by
the engineers in the local water utility based on their experience, while the proposed method can localize

Figure 16. ELF results of (a) the WBAs and (b) the update at each stage for localizing real leaks in DMA2.
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these two leaks in two nights. Accordingly, the water saving of the pro-
posed method could be roughly estimated as the total leak volumes in
19 days at a flowrate of 25.0 m3/h, which was 11,400 m3 in total (demands
of about 25,000 families for a day).

4. Analysis of the Real Application of the
Proposed Method

The presented cases with artificial and real leaks demonstrated that the
proposed method can effectively localize leaks in a DMA by narrowing
down the potential leak region from the entire DMA to a very limited area
(e.g., around 10% in spatial scale). The method only utilizes VOs and

WBA, hence it is very efficient and easy to implement for water utilities with smart demandmeters installed.
Nevertheless, a drawback of the presentedmethod lies in the VOs for DMA partitioning, whichmay lead to a
disturbance or even an interruption to supply in (part of) the DMA. To mitigate such effect induced by VOs,
the proposed method is implemented during the night flow period. Furthermore, hydraulic analyses were
performed to examine the hydraulic conditions (i.e., nodal pressures and pipe flows) as a result of the VOs
within the multistage method applied to the two DMAs. The average and maximum pressure fluctuations
across all DMA nodes as well as the lengths of pipes with the reversed flow (relative to the total length of
the DMA) were summarized in Table 3.

The results in Table 3 generally indicated that the hydraulic status of nodes and pipes were not significantly
affected by VOs, except for those within the isolated regions during the VOs for a short period of time. This is
especially the case for the single leak in DMA1 and the real case in DMA2. It thus implied that the VOs of the
proposed method had rather limited hydraulic impacts on the DMAs. For DMA1, it was also found that the
ratio of pipes with reversed flow increased from 2.2% to 21.7% as the number of VOs increased from 16 to 42.
The pipes with reversed flow directions may have water quality issues (Qi, Zheng, Guo, Zhang, et al., 2018),
which should be also carefully realized before a large number of VOs.

The utility of the proposedmethod depends on the accuracy of theWBA applied to the DMA and the hydrau-
lic model used. In other words, the selection of the threshold ELFtol is vital to enable the effective application
of the method. As previously described, the ELFtol is used to approximate the background leaks as well as
meter inaccuracies of flow measurements at inlets/outlets and smart demand meters of users. The back-
ground leak rate is typically correlated with the pipe conditions (e.g., age and length), the number of connec-
tions and the pressure (Alkasseh et al., 2013). That rate can be roughly evaluated by empirical and
semiempirical methods developed in literature (Hunaidi, 2010; Tabesh et al., 2009). For the meter inaccura-
cies, the best policy is to calibrate them frequently to minimize the errors and evaluate these errors by con-
ducting sampling tests. In addition, as the proposed method is implemented at night hours when water
usage is at a minimum rate, the errors caused by demand meters are minimized as well. Prior to the applica-
tion of the proposed method, the ELFtol can be estimated based on long‐term monitoring and analysis of the
flows and demands based on the operation and maintenance of the DMA (e.g., the pipe and meter condi-
tions). In addition, if this threshold can be evaluated (and hence adjusted) at different stages associated with
subregion sizes, this should be done as this would further improve the effectiveness of the leak localization
method.

It should be noted that the proposed method is similar to the traditional step‐testing approach (Puust
et al., 2010) in utilizing the VOs for leak localization. However, the VO strategy of the proposed method is
dynamically optimized for each stage of the method implementation. That makes it significantly different
from the traditional step‐testing approach where VO strategies are typically prespecified during the planning
stage (i.e., VOs are empirically determined). Consequently, the proposedmethod is capable of handling com-
plex DMAs with highly looped structures and a large number of valves while the traditional step‐testing
approach is difficult, if not impossible, in such cases. In addition, the proposed method utilizes a multistage
bisection approach to localize leaks in the DMA; thus, it is very efficient for leak localization with only a few
VOs. However, for the traditional step‐testing approach, the leaks are generally identified by traversing all
pipes from the terminal of the DMA to the source, leading to a large number of VOs. Therefore, the tradi-
tional step‐testing approach is very labor‐intensive and thus has been used sparingly by water utilities.

Table 3
Hydraulic Variations Induced by Valve Operations for the Presented Cases

Cases
Valve

operations

Pressure fluctuation
(m)

Pipes
with

reversed
flow(%)Average Maximum

The single leak in
DMA1

16 0.4 0.5 2.2

Multiple leaks in
DMA1

42 1.4 2.8 21.7

The real case in DMA2 18 1.3 2.3 2.4
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5. Summary and Conclusions

Techniques for leak localization have been consistently developed in water industries worldwide, especially
with the advancement of smart WDSs in recent years. This paper presented a multistage approach for leak
localization in district metering areas (DMAs) with the aid of VOs and smart demand metering. More spe-
cifically, the proposed method utilized the operations of existing valves to partition the DMA into two sub-
regions. This was followed by the application of the real‐time WBA based on smart demand meters to
identify whether the PLPs within the two subregions have real leaks. This process was repeatedly performed
(i.e., multiple stages), thereby reducing the number of PLPs in the DMA and accordingly narrowing down
the spatial regions with leaks.

The utility of the proposed method has been demonstrated using two real DMAs with different topology
properties and scales. DMA1 was considered as a hypothetical case, where a single leak and multiple leaks
(i.e., three leaks) were assumed to be localized, respectively. The application results indicated that the pro-
posedmethod was able to localize the leaks to a smaller region with 4.3 km of pipes using 16 VOs for the case
of a single leak. For the three leak locations, the proposed method was able to identify leak regions with 4.3,
2.3, and 1.9 km of pipes, respectively, using a total 42 VOs (the total pipe length of DMA1 is 58.7 km). For
DMA2, the method was applied on a real case for which the demands within the DMA have been measured
by smart meters. Results showed that the proposed method with 18 VOs was capable of identifying two leak
regions within 2.3 and 4.2 km of pipe lengths (the total pipe length of DMA2 is 70.8 km). The leaks within the
two leaking regions were then efficiently pinpointed by engineers. This can lead to a water saving of approx-
imate 11,400 m3 compared to the traditional method that uses listening rods to traverse the entire DMA for
leak localization. The two presented cases confirmed that the proposed method is effective and efficient for
leak localization. Such a multistage localization method as proposed in this paper is very promising given
that smart meters and remote control valves are being increasingly installed in water distribution networks.

It is noted that the implementation of the proposed method may induce interruptions of water supply for
parts of the DMA (except for uninterruptible users) as well as water quality issues (e.g., discoluration) as a
result of VOs and reversed flows. However, short‐term water supply interruptions during low flow periods
are often acceptable in practice, especially if the local residents can be notified before the applications of
the operational strategies. An ad hoc method for dealing with the potential water quality issue is the assess-
ment of this risk with the aid of hydraulic simulations (e.g, determine which pipes can have inversed flows
due to VOs) before the application of the methodology. That allows engineering practices to be adopted to
address this problem (e.g., evaluating the risk of water quality issues and potential mitigation strategies).

Data Availability Statement

The data/models used in this study have been submitted as the supporting documents.

Conflict of Interest

The authors declare no conflict of interest.

References
Alkasseh, J. M., Adlan, M. N., Abustan, I., Aziz, H. A., & Hanif, A. B. M. (2013). Applying minimum night flow to estimate water loss using

statistical modeling: A case study in Kinta Valley, Malaysia. Water Resources Management, 27, 1439–1455. https://doi.org/10.1007/
s11269‐012‐0247‐2

Besner, M., Michèle, P., & Stig, R. (2011). Assessing the public health risk of microbial intrusion events in distribution systems: Conceptual
model, available data, and challenges. Water Research, 45(3), 961–979. https://doi.org/10.1016/j.watres.2010.10.035

Bragalli, C., Neri, M., & Toth, E. (2019). Effectiveness of smart meter‐based urban water loss assessment in a real network with
synchronous and incomplete readings. Environmental Modelling & Software, 112, 128–142. https://doi.org/10.1016/j.envsoft.
2018.10.010

China Urban Water Association (2015). Statistical yearbook of urban water supply. Beijing, China: China Statistical Press.
Colombo, A. F., Lee, P., & Karney, B. W. (2009). A selective literature review of transient‐based leak detection methods. Journal of

Hydro‐Environment Research, 2(4), 212–227. https://doi.org/10.1016/j.jher.2009.02.003
Covas, D., Jacob, A., & Ramos, H. (2006). Bottom‐up analysis for assessing water losses: A case study. Water Distribution Systems Analysis

Symposium, 2006.
Creaco, E., Campisano, A., Fontana, N., Marini, G., Page, P. R., & Walski, T. (2019). Real time control of water distribution networks: A

state‐of‐the‐art review. Water Research, 161, 517–530. https://doi.org/10.1016/j.watres.2019.06.025

10.1029/2020WR028285Water Resources Research

HUANG ET AL. 20 of 21

Acknowledgments
This work is funded by the National
Natural Science Foundation of China
(Grant No. 51922096), and the
Excellent Youth Natural Science
Foundation of Zhejiang Province,
China (LR19E080003).

https://doi.org/10.1007/s11269-012-0247-2
https://doi.org/10.1007/s11269-012-0247-2
https://doi.org/10.1016/j.watres.2010.10.035
https://doi.org/10.1016/j.envsoft.2018.10.010
https://doi.org/10.1016/j.envsoft.2018.10.010
https://doi.org/10.1016/j.jher.2009.02.003
https://doi.org/10.1016/j.watres.2019.06.025


Creaco, E., Kossieris, P., Vamvakeridou‐Lyroudia, L., Makropoulos, C., Kapelan, Z., & Savic, D. (2016). Parameterizing residential water
demand pulse models through smart meter readings. Environmental Modelling & Software, 80, 33–40. https://doi.org/10.1016/j.
envsoft.2016.02.019

Duan, H. F., Lee, P. J., Ghidaoui, M. S., & Tung, Y. K. (2011). Leak detection in complex series pipelines by using the system frequency
response method. Journal of Hydraulic Research, 49(2), 213–221. https://doi.org/10.1080/00221686.2011.553486

Farah, E., & Shahrour, I. (2017). Leakage detection using smart water system: Combination of water balance and automated minimum
night flow. Water Resources Management, 31(15), 4821–4833. https://doi.org/10.1007/s11269‐017‐1780‐9

Ferrari, G., Savic, D., & Becciu, G. (2014). Graph‐theoretic approach and sound engineering principles for design of district metered areas.
Journal of Water Resources Planning and Management, 140, 04014036. https://doi.org/10.1061/(asce)wr.1943‐5452.0000424

Giustolisi, O., & Savic, D. (2010). Identification of segments and optimal isolation valve system design in water distribution networks.
Urban Water Journal, 7(1), 1–15. https://doi.org/10.1080/15730620903287530

Gupta, A., & Kulat, K. D. (2018). A selective literature review on leak management techniques for water distribution system. Water
Resources Management, 32(10), 3247–3269. https://doi.org/10.1007/s11269‐018‐1985‐6

Hunaidi, O. (2010). Leakage management for water distribution infrastructure‐report 2: Results of DMA experiments in Ottawa, ON. Canada:
National Research Council.

Karger, D. (1993). Global min‐cuts in RNC and other ramifications of a simple Mincut algorithm. Proc. 4th Annual ACM‐SIAM Symposium
on Discrete Algorithms.

Mutikanga, H. E., Sharma, S. K., & Vairavamoorthy, K. (2013). Methods and tools for managing losses in water distribution systems.
Journal of Water Resources Planning and Management, 139(2), 166–174. https://doi.org/10.1061/(ASCE)WR.1943‐5452.0000245

Nguyen, K. A., Stewart, R. A., Zhang, H., Sahin, O., & Siriwardene, N. (2018). Re‐engineering traditional urban water management prac-
tices with smart metering and informatics. Environmental Modelling & Software, 101, 256–267. https://doi.org/10.1016/j.
envsoft.2017.12.015

OECD (The Organisation for Economic Co‐operation and Development) (2012). OECD environmental outlook to 2050: The consequences of
inaction. Paris, France: OECD Publishing. https://doi.org/10.1787/9789264122246‐en

Puust, R., Kapelan, Z., Savic, D. A., & Koppel, T. (2010). A review of methods for leakage management in pipe networks. Urban Water
Journal, 7(1), 25–45. https://doi.org/10.1080/15730621003610878

Qi, Z., Zheng, F., Guo, D., Maier, H. R., Zhang, T., Yu, T., & Shao, Y. (2018). Better understanding of the capacity of pressure sensor systems
to detect pipe burst within water distribution networks. Journal of Water Resources Planning and Management, 144(7), 04018035.
https://doi.org/10.1061/(ASCE)WR.1943‐5452.0000957

Qi, Z., Zheng, F., Guo, D., Zhang, T., Shao, Y., Yu, T., et al. (2018). A comprehensive framework to evaluate hydraulic and water quality
impacts of pipe breaks on water distribution systems.Water Resources Research, 54, 8174–8195. https://doi.org/10.1029/2018WR022736

Rajeswaran, A., Narasimhan, S., & Narasimhan, S. (2018). A graph partitioning algorithm for leak detection in water distribution networks.
Computers & Chemical Engineering, 108, 11–23. https://doi.org/10.1016/j.compchemeng.2017.08.007

Romano, M., Kapelan, Z., & Savić, D. A. (2014). Automated detection of pipe bursts and other events in water distribution systems. Journal
of Water Resources Planning and Management, 140(4), 457–467. https://doi.org/10.1061/(ASCE)WR.1943‐5452.0000339

Rossman, L. A. (2000). EPANET 2: User's manual. Cincinnati: USEPA.
Sanz, G., Perez, R., Kapelan, Z., & Savic, D. (2015). Leak detection and localization through demand components calibration. Journal of

Water Resources Planning and Management, 142, 04015057. https://doi.org/10.1061/(ASCE)WR.1943‐5452.0000592
Sophocleous, S., Savic, D., & Kapelan, Z. (2019). Leak localization in a real water distribution network based on search space reduction.

Journal of Water Resources Planning and Management, 145(7), 04019024. https://doi.org/10.1061/(ASCE)WR.1943‐5452.0001079
Tabesh, M., Yekta, A. H. A., & Burrows, R. (2009). An integrated model to evaluate losses in water distribution systems. Water Resources

Management, 23(3), 477–492. https://doi.org/10.1007/s11269‐008‐9284‐2
Walski, T. M. (1993). Water distribution valve topology for reliability analysis. Reliability Engineering and System Safety, 42(1), 21–27.

https://doi.org/10.1016/0951‐8320(93)90051‐Y
Wang, X., Waqar, M., Yan, H. C., Louati, M., Ghidaoui, M. S., Lee, P. J., & Karney, B. (2020). Pipeline leak localization using matched‐field

processing incorporating prior information of modeling error. Mechanical Systems and Signal Processing, 143, 106849. https://doi.org/
10.1016/j.ymssp.2020.106849

Wright, R., Abraham, E., Parpas, P., & Stoianov, I. (2015). Control of water distribution networks with dynamic DMA topology using
strictly feasible sequential convex programming. Water Resources Research, 51, 9925–9941. https://doi.org/10.1002/2015WR017466

Zhang, Q., Wu, Z. Y., Zhao, M., Qi, J., Huang, Y., & Zhao, H. (2016). Leakage zone identification in large‐scale water distribution systems
using multiclass support vector machines. Journal of Water Resources Planning and Management, 142(11), 04016042. https://doi.org/
10.1061/(ASCE)WR.1943‐5452.0000661

Zheng, F., Tao, R., Maier, H. R., See, L., Savic, D., Zhang, T., et al. (2018). Crowdsourcing methods for data collection in geophysics: State of
the art, issues, and future directions. Reviews of Geophysics, 56, 698–740. https://doi.org/10.1029/2018RG000616

Zheng, F., Zecchin, A., Maier, H., & Simpson, A. (2016). Comparison of the searching behavior of NSGA‐II, SAMODE, and Borg MOEAs
applied to water distribution system design problems. Journal of Water Resources Planning andManagement, 142, 04016017. https://doi.
org/10.1061/(ASCE)WR.1943‐5452.0000650

Zheng, F., Zecchin, A., Newman, J., Maier, H., & Dandy, G. (2017). An adaptive convergence‐trajectory controlled ant colony optimization
algorithm with application to water distribution system design problems. IEEE Transactions on Evolutionary Computation, 21, 773–791.
https://doi.org/10.1109/TEVC.2017.2682899

Zhou, X., Tang, Z., Xu, W., Meng, F., Chu, X., Xin, K., & Fu, G. (2019). Deep learning identifies accurate burst locations in water distri-
bution networks. Water Research, 166, 115058. https://doi.org/10.1016/j.watres.2019.115058

10.1029/2020WR028285Water Resources Research

HUANG ET AL. 21 of 21

https://doi.org/10.1016/j.envsoft.2016.02.019
https://doi.org/10.1016/j.envsoft.2016.02.019
https://doi.org/10.1080/00221686.2011.553486
https://doi.org/10.1007/s11269-017-1780-9
https://doi.org/10.1061/(asce)wr.1943-5452.0000424
https://doi.org/10.1080/15730620903287530
https://doi.org/10.1007/s11269-018-1985-6
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000245
https://doi.org/10.1016/j.envsoft.2017.12.015
https://doi.org/10.1016/j.envsoft.2017.12.015
https://doi.org/10.1787/9789264122246-en
https://doi.org/10.1080/15730621003610878
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000957
https://doi.org/10.1029/2018WR022736
https://doi.org/10.1016/j.compchemeng.2017.08.007
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000339
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000592
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001079
https://doi.org/10.1007/s11269-008-9284-2
https://doi.org/10.1016/0951-8320(93)90051-Y
https://doi.org/10.1016/j.ymssp.2020.106849
https://doi.org/10.1016/j.ymssp.2020.106849
https://doi.org/10.1002/2015WR017466
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000661
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000661
https://doi.org/10.1029/2018RG000616
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000650
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000650
https://doi.org/10.1109/TEVC.2017.2682899
https://doi.org/10.1016/j.watres.2019.115058


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


